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There have been numerous efforts to understand and control
the resistance of materials to fracture by repeated or cyclic
stresses. The micromechanical behaviours, particularly the
distributions of stresses on the scale of grain size during or
after mechanical or electrical fatigue, are crucial to a full
understanding of the damage mechanisms in these
materials. Whether a large microstress develops during
cyclic deformation with a small amount of monotonic strain
but a large amount of accumulated strain remains an open
question. Here, we report a neutron diffraction investigation
of the development of intergranular stresses, which vary as a
function of grain orientations, in 316 stainless steel during
high-cycle fatigue. We found that a large intergranular stress
developed before cracks started to appear. With further
increase of fatigue cycles, the intergranular stress decreased,
while the elastic intragranular stored energy continued to
grow. One implication of our findings is that the ratio between
the intergranular and intragranular stored energies during
various stages of fatigue deformation may validate the
damage mechanism and can be used as a fingerprint for

monitoring the state of fatigue damage in materials.
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ost metals, ceramics, or natural rocks are aggregates of

crystalline grains with their own characteristic crystallographic

orientations (or grain orientations) measured in the sample
coordinate system. When a polycrystalline material is deformed, not
only macrostresses (average stresses over a certain gauge volume) but
also microstresses are produced. The latter include intergranular
stresses that vary over the size of grains, as well as the intragranular
stresses located around the crystallographic defects. The existence of
intergranular stresses in single-phase materials is due to the
discontinuity of the stress distribution from grain to grain, caused by so-
called elastic or/and plastic incompatibility, which has been investigated
by 3D plasticity modelling'” in combination with lattice strain
measurements by neutron diffraction. Although there have been
extensive studies of the mechanisms of grain-to-grain interactions
during the monotonic deformation, investigations on the
micromechanical behaviour during or after cyclic loading have just
begun®’ and the results are far from being understood. A main difficulty
in the study of grain-to-grain interactions during cyclic deformations
by theoretical simulations is that the microhardening behaviour due to
alternating stresses may be not the same as in monotonic stresses.
Furthermore, quantitative models that can describe the influence of the
microcracks produced during cyclic loading are still lacking. Thus,
first-hand experimental investigations on microstress distributions
in fatigued materials and how they develop are essential for answering
some of the fundamental questions in fatigue, such as whether
there exists a correlation between the intergranular stresses and the
damage mechanisms.

Synchrotron-based microbeam X-ray diffraction is a promising
way for direct measurement of the strain or stress states of individual
grains during cyclic deformation®’. However, in order to describe the
properties of polycrystalline aggregates, it is necessary to measure
the stress distribution for a large number of individual grains with
reliable statistics. Despite recent advances in synchrotron techniques,
mapping the local strains in materials with a fine subgrain structure
induced by deformation is still a challenge. An alternative method is to
use high-energy X-rays or neutrons to determine the strain
distributions of specific lattice planes with respect to the sample
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Figure 1 Lattice strain distributions in the 316 stainless steel obtained with {111}, {200}, and {220} reflections as a function of tilt angle relative to the loading direction (LD) at
different stages of fatigue. a, 0 cycle or virgin sample, b, 5,159 cycles (when microcracks start to appear on the surface), ¢, 5,506 cycles (after cracks start to propagate into the bulk),
andd, 7,872 cycles (after fatigue failure is reached). The differences in orientation dependence are due to the presence of intergranular stress. TD is the transverse direction.

directions over a bulk sample. Although the strain of individual grains
cannotbe spatially resolved with this technique, a statistical distribution
of the strain/stress as a function of the grain orientations can be
established from the experimental strain data®'". We have named this
kind of stress as the grain-orientation-dependent stress and the stress
distribution as the stress orientation distribution function or SODE. In
this concept, the grain-orientation-dependent intergranular stress is
resolved in the (Euler) orientation space rather than in real space.
Commercial Type 316 stainless steel, a corrosion-resistant alloy
widely used in the chemical and nuclear industries, was chosen to study
the development of grain-orientation-dependent residual stresses after
fatigueloading. This type of stainless steel is also a candidate material for
the containers holding the mercury target of the Spallation Neutron
Source being constructed at the Oak Ridge National Laboratory in the
USA,andsoalargeamountof fatigue data are available ina variety of test
conditions'=. Before fatigue tests, all specimens were annealed at
1,038 °C for 1 h, and cooled to room temperature in air to release the
residual stresses produced by hot-deformation and specimen cutting.
Neutron diffraction measurements confirmed that the annealed
specimens were indeed free of microstresses, because the diffraction
peak positions were independent of the grain orientations. High-cycle
fatigue tests with a frequency of 0.2 Hz were conducted in air under a
load-control mode usingan Rratio of -1 (R = 0,,,;,/ Op.o Where 0, and

2

O,y are, respectively, the minimum and maximum applied stress). Four
specimens were studied, three of which were cyclically loaded with the
stress amplitude of 287 MPa to 5,159, 5,506 and 7,872 cycles,
respectively. The fourth specimen was used as a stress-free reference.
Metallographic examinations of these samples revealed uniform
austenitic grains with annealing twins and no indications of internal
microcracks. The three fatigued cycles were chosen to represent
different stages of deformation: when cracks start to appear on the
specimen surface, after cracks start to propagate into the bulk, and after
failure is reached. Cylindrical samples with a length of 8 mm and
diameter of 6 mm were cut by electro-discharge machining from the
gauge-length sections of the fatigued specimens and used for neutron
diffraction measurements.

The lattice strain distributions for alarge number of {hkl}-planesin
the fatigued samples were measured using the general purpose powder
diffractometer'* (GPPD) at the Intense Pulsed Neutron Source,
Argonne National Laboratory, USA. The beam at the sample position
was collimated to a size of 12 x 30 mm?, and the sample was fully
immersed in the beam so that only the intergranular stress was
measured. The samples were mounted with their cylindrical axes, which
are also the loading direction (LD), in the horizontal scattering plane.
The orthogonal direction in the horizontal scattering plane is defined as
atransverse direction (TD). The samples were rotated about the vertical
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Figure 2 Distributions of residual stresses for various grain orientations in the
cyclically deformed 316 stainless steel presented in the form of inverse pole figures.
Anpoint <hkI> in the stereographic projection represents grains with <hkI> parallel to LD.
The left panel is for stresses along the LD, whereas the right panel is for stresses along TD.
(a,b) after 0 cycle; (c,d) after 5,159 cycles; (e,f) after 5,506 cycles; (g,h) after 7,872 cycles.
The unit of stress is MPa.

axis in order to cover all tilt angles from LD to TD in a sequence of
measurements, as described previously' (see Methods).

The lattice strain distributions obtained with {111}, {200}, and
{220} reflections are shown in Fig. 1 as a function of a tilt angle relative
to the LD. The nearly zero lattice strains seen in the virgin sample
(0 cycle, Fig. 1a) confirmed that the intergranular residual stress in the
sample was annealed before fatigue tests. Significant lattice strains were
found, however, for samples tested for 5,159 and 5,506 cycles (Fig. 1b,c).
In particular, the {200} and {220} lattice strains reverse their signs as the
tilt angle changes from 0 (LD) to 90° (TD). These observations gave
unambiguous evidence that a large grain-orientation-dependent
intergranular stress exists in the 316 stainless steel after high-cycle
fatigue. The anisotropy of the lattice strains, which appeared as the
amplitude of strain variations for {200} and {220} reflections as a
function of the tilt angle, shows an obvious decrease as the number of
fatigue cycles is increased to 5,506 (Fig. 1c). When the sample reaches
failure after 7,872 cycles, the residual lattice strains for all {hkl}
reflections vanish (Fig. 1d).

Cohen et al. have investigated the development of intergranular
stresses in cyclically deformed alloys since the 1970s'*®. They
concentrated mainly on the changes of macrostresses in single-phase
alloys or phase-stresses in two-phase alloys after fatigue. The {211}
reflections in body-centred cubic (b.c.c.) metals or {311} reflections in
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Table 1 Measured lattice strains and calculated values from SODF for {111}, {200},
and {220} reflections as a function of tilt angle to the loading direction. The strains
are in units of 10-5.

Tiltangle Lattice strain for  Lattice strain for  Lattice strain for

o) {111} {200} {220}
Experiment Calculated  Experiment Experiment Calculated
0 —69 -4 -496 —437 210 256
9 -2 =21 —267 -316 193 219
18 22 1 2 =75 77 120
% 27 10 9 139 86 —62 2
g 36 =21 -29 185 124 -178 -83
2 45 -18 -60 205 133 -184 104
= 54 -50 -50 189 156 -159 74
63 -4 -1 208 116 -108 -28
72 -10 22 66 =17 =51 13
81 25 32 -190 -178 57 41
90 22 32 —276 -250 58 51
0 =21 1 -353 -307 84 119
9 20 13 -233 —245 68 100
18 —28 9 —65 -98 -55 53
f 27 -19 -1 112 42 -83 —4
=3 36 -40 -4 151 108 -140 -50
(&)
© 45 —62 -55 128 107 -182 —68
ey 54 -122 =37 90 91 -144 -50
63 -55 0 143 68 -114 -10
72 -29 28 64 6 -14 28
81 -25 37 -124 —88 28 48
90 =32 37 -149 -136 20 53

face-centred cubic (f.c.c.) metals were used for studying the fatigue
behaviours due to their relative insensitivities to grain orientations'.
However, although evidence of the grain-orientation-dependent residual
stresses was observed by the strong oscillations in the d versus sin*¥
relationship'®, no quantitative information was given on the evolution of
those stresses. Here d is the lattice spacing and W the tilt angle of the
normal direction of the sample with respect to the scattering vector.

The presence of a large intergranular residual stress prevents the
stress values from being reliably evaluated from the measured lattice
strains using the conventional stress-analysis technique. Studies®'* have
established that, just like the crystallographic orientation distribution
function, the SODF may be expressed in terms of generalized spherical
harmonics, whose series coefficients can be determined directly from
the measured lattice strains along various specimen directions. The
method to construct the SODF from time-of-flight diffraction data has
been published elsewhere'”. Because the stress or strain distributions of
fatigued samples with random grain orientations display axial
symmetryaround the LD, the SODF representation can be conveniently
reduced to a two-dimensional fibre-symmetry group. Thus, although
the present SODF was constructed using spherical harmonics up to 8™
order, twelve coefficients serve to represent the stress function: they can
be uniquely determined by fitting the 60—70 measured lattice strain
points. To illustrate the accuracy of the SODF representation, the strain
values calculated with SODF are given in Table 1 together with the
experimental values. The average difference between the experimental
and calculated values is smaller than 50 x 10, which is less than half of
the error of typical strain measurements.

The distributions of residual stresses along LD and TD are shown in
Fig. 2 in the form of inverse pole figures for various grain orientations
(specified by <hkl>| | LD in stereographic projection). It can be seen that
large grain-orientation-dependent residual stresses developed during
fatigue when microcracks start to appear at the sample surface
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Figure 3 Evolution of intergranular and intragranular stored energies as a function
of fatigue cycles. Solid line: intergranular stored energy for grains with <001>| | LD.
Dashed line: average intragranular stored energy. Because <001>| | LD grains show the
largest residual stresses, the intergranular stored energy presented here should be
considered as an upper bound.

(5,159 cycles, Fig. 2¢,d). For stress along the LD, the difference between
<001>|| LD and <110>|| LD grains is about 200 MPa. In addition, a
hydrostatic compressive stressis evident for <001>|| LD grains, which is
compensated in the LD by <110>||LD grains and in the TD by
<111>|| LD grains. As the microcracks start to propagate into the bulk
(5,506 cycles, Fig. 2e,f), the grain-orientation anisotropy of the residual
stresses become smaller. When the sample reaches failure, the residual
stresses almost completely disappear.

Our results on intergranular stresses up to crack nucleation can be
compared with those reported by Lorentzen et al* for the early stage of
cyclic loading (up to eight successive cycles). That work was conducted
as a slow cyclic loading test with the goal to observe in situ the lattice
strain evolution along and perpendicular to the loading direction. The
observed lattice strain loops can be understood by considering the
formation of an oscillating intergranular stress state reaching its limits
when the load vanishes. The residual stress state measured in our
experiment corresponds to the intergranular stress developed during
thelast half cycle, which was always in compression (R = —1). From this
point of view, our results showinga (200) lattice contraction in both LD
and TD (Fig. 1b) are in good agreement with those by Lorentzen ef al.*
This special behaviour of <001>| | LD grains was first observed? in uni-
axial tensile tests and explained as a result of the stainless steel elastic
anisotropy, which significantly overcomes the effect of plastic
anisotropy predicted by the Taylor model of deformation. These ideas
were later confirmed by self-consistent modelling**. However, our
SODFEF derived from the experimental strain data delivers a complete set
of intergranular stress values (from LD to TD) that will provide a more
rigorous test of deformation models.

The total energy necessary to induce the grain-orientation-
dependent elastic deformation state can be evaluated from the SODE
This energy, which we refer to as intergranular stored energy, shows a
sharp decrease after the cracks start to appear, long before the failure.
To underscore this point, the estimated intergranular stored energy
corresponding to <001>||LD grains are shown in Fig. 3. Because
<001>||LD grains show the largest residual stresses, the values
presented here should be considered as an upper bound of the
intergranular stored energy.

4

The intergranular stress was evaluated as a mean value for all grains
with the same orientation in the Euler space. The strain fluctuations
about the mean induce the diffraction peak broadening, which also
exhibits a grain-orientation dependence. As was generally accepted for
heavily deformed materials, the grain substructure, rather than the
intergranular strain variation, produces the strain fluctuations?.
Because crystallographic defects in the stainless steel are mostly
dislocations, the broadening of the diffraction peaks comes primarily
from the strain field around dislocations. Within this context, the elastic
energy stored in the strain field around dislocations, which we refer to as
intragranular stored energy, can be defined.

The strain-induced peak broadening was determined from the
integral breadth of the diffraction peak profile (see Methods). For a
given {hkl} peak, the peak broadening is dependent on sample
orientation,but owingto poor statistics in the measurements of the peak
integral breadth, only the average values are used in the following
analysis. The variation of peak broadening for a given {hkl} may be
considered to be resulting from the variation of the dislocation contrast
factor®>. This approach predicts a contrast factor whose {hkl}
dependence varies asa function of the elastic anisotropy and dislocation
type (screw or edge)?. Taking into account the elastic anisotropy of the
stainless steel, our experimental peak-broadening data as a function of
{hkl} can be explained by considering the edge dislocations as the main
component of the grain substructure. This is a reasonable finding,
because the immobile dislocation structure that develops during the
fatigue tests of f.c.c. metals shows indeed an edge character®**,

Using the known contrast factors, the average density of
dislocations was estimated from the peak-broadening data and,
subsequently, the intragranular stored energy calculated following the
approximation for the dislocation energy given previously®'. The
intragranular stored energy values presented in Fig. 3 were calculated by
taking the virgin sample as a reference. It is hard to evaluate the errors
involved in the absolute values of the stored energy because an effective
procedure to calibrate the method is still lacking, but relative variations
of a few percent may be considered as a confidence band. By
comparison, we see that the intergranular stored energy is about an
order of magnitude smaller than the intragranular type. This is why the
intragranular stored energy is usually considered as the full stored
energy in heavily deformed materials. However, the most striking
feature revealed by our study seems to be the different behaviours of the
two types of stored energy during the final stage of the fatigue test. While
the intergranular stored energy begins to decrease after the cracks start
to propagate (5,506 cycles), the intragranular stored energy continues
to grow and slightly decreases only when the sample reaches failure.

Although itis not yet clear whether the observed large intergranular
stresses are responsible for the initiation of cracks in fatigued samples,
the development of intergranular stress and stored energy determined
by neutron diffraction can be directly connected to the microscopic
mechanisms of materials damage during fatigue. It is well known that
the heterogeneous stress and strain distributions of polycrystalline
materials play an important role in crack initiation, crack coalescence,
and fatigue lifetime during fatigue deformations®*. Despite
arguments about the detailed mechanisms of crack nucleation, the
compatibility stresses near grain boundaries caused by different grain
orientations are believed to be an important source of failure. It is
evident that the average level of the intergranular strain correlates with
the amount of the fatigue damage. The increase of the intragranular
stored energy observed after crack initiation indicates also that the
impingement of slip lines against grain boundaries continues during
the crack growth stage, but a competing recovery process could appear
in the later stage of fatigue life. More data are needed to obtain a
confident description of the stored energy evolution during fatigue.
Nevertheless, the ratio between the intergranular and intragranular
stored energies can be used for monitoring the fatigue damage of
materials with elastic and/or plastic anisotropy.
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Figure 4 The determination of strain pole figures with a pulsed neutron source. a, The detector layout of the general purpose powder diffractometer at the Intense Pulsed Neutron
Source, Argonne National Laboratory, USA. In order to achieve high precision, only high-angle detector banks centered around 144° and 126° were used for the measurements. b, Pole
figure for a given reflection with the orientations of measured grains marked. The sample was rotated about the ¢ axis in three steps with LD pointing at 27°, 45° and 63° relative to the
incident beam in the horizontal scattering plane. In each setting, four orientations were measured as indicated by sets of symbols in the pole figure. The colour of the symbol corresponds to
the detector bank with which the measurements were made. The dashed circles indicate the axial symmetry of the sample.

To our knowledge, thisis the first time that a correlation between the
development of intergranular stress and the material damages during
fatigue has been reported. In our view, a detailed characterization of the
intergranular stress is an important step for studying the failure
mechanism of certain ceramics or natural rocks with a high elastic
anisotropy. The experimentally determined intergranular stresses
during fatigue should be used as an important reference for the design of
advanced materials and the evaluation of fatigue life in traditional
engineering materials.

METHODS

The general purpose powder diffractometer (GPPD) is a high-resolution time-of-flight neutron powder
diffractometer with a resolution of Ad/d~0.2% for the high-angle detector banks. *He gas proportional
detector tubes are grouped in 12 banks in the horizontal scattering plane, as shown in Fig. 4a'. Detectors
in each group are used together through electronic time focusing to produce a single diffraction pattern
for the detector bank. This gives a resolution of about 10° x 10° for pole figure measurements. The average
lattice strain is determined from the diffraction line displacement in neutron time-of-flight. In order
to achieve high precision, only high-angle detector banks centred around 144° and 126° were used for
the measurements.

A Kappa goniometer was used for the measurement of strain pole figures'". The Kappa goniometer
was positioned with both the and ¢ axes vertical®. The cylindrical specimens were mounted on a
microgoniometer attached to the Kappa goniometer head, with their cylindrical axes, which are also the
loading direction (LD), in the horizontal scattering plane. The orthogonal direction in the horizontal
scattering plane is defined as a transverse direction (TD). During the measurements, the sample was
rotated about the ¢ axis in three steps with LD pointing at 27°,45° and 63° relative to the incident beam
in the horizontal scattering plane. Owing to the cylindrical geometry of the sample around LD, three
sample positions and four detector banks cover the entire pole figure space, as illustrated in Fig. 4b.

Individual diffraction peaks in the time-of-flight spectrum were fitted separately by convoluting a
Voigt sample broadening function with a pulse-shape instrument function'. The fitting procedure yields
four parameters for each diffraction peak characterizing the peak position, diffraction intensity, integral
breadths of gaussian and lorentzian components of the Voigt function®. The peak position in time-of-
flight is proportional to the average value of the lattice spacing corresponding to a family of {hkl}
reflections. The experimental lattice strain was calculated from the change in the peak position relative to
the virgin (stress-free) sample. This procedure was applied for each bank separately.

During the construction of SODEF, a misfit function, which measures the deviation of the real strain
and stress state from the elastic self-consistent state, was used to stabilize the solution of the SODF from
the spherical harmonics expansion®. Here we considered each grain as a spherical inclusion. The single
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crystal elastic constants of the stainless steel with C,, = 204.6 GPa, C,, = 137.7 GPaand C,, = 126.2 GPa
were used for the calculation.

The estimation of the intragranular stored energy, W, follows the general approach considering the
dislocation contrast in diffraction®’. Nevertheless, it is adequate to mention our specific approximation:
Wy = (K/2) (B Cua) E, where K= C,,/VA, = 65 GPa for the stainless steel, A, = 2C,,/(C,, — C,,) = 3.77 is
the elastic anisotropy factor, 3, is the integral breadth for the {hkl} peak, C, is the contrast factor,and F
is a numerical factor close to 1. In our case, the edge dislocation character gives the following relationship
for the contrast factor (data interpolated from ref. 21): G, = 0.327 [1-1.79 (I?k* + B°P + P)/(W* + I + P)*],
which makes the factor /G, almost independent of {hkl} and therefore justifies our assumption for
the equation estimating the W.

Received 24 October 2002; accepted 9 December 2002; published 19 January 2003.
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